Background: Perineural invasion (PNI) is a histopathological characteristic of pancreatic cancer (PanCa). The aim of this study was to observe the treatment effect of continuous low-dose-rate (CLDR) irradiation to PNI and assess the PNI-related pain relief caused by iodine-125 ( 125 I) seed implantation.
IntroductIon
Pancreatic cancer (PanCa) is an aggressive malignancy with an extremely poor prognosis. Perineural invasion (PNI) extending into the extrapancreatic nerve plexus is a histopathological characteristic in PanCa, which leads to abdominal pain and retropancreatic tumor extension. [1, 2] It promotes local recurrence, and finally negatively influences the prognosis of the patients. [3] [4] [5] The current insights indicate that plenty of molecules participate in PNI such as neurotrophins and their receptors, [6, 7] cytokines, [8, 9] chemokines, [10] proteinases, [11] and cell-surface markers [12] through reciprocal signaling. Agents targeting PNI-related signaling pathway such as nerve growth factor (NGF)-tyrosine kinase receptor-A pathway were confirmed to be effective to alleviate PNI-related pain. [13] [14] [15] Iodine-125 ( 125 I) seed brachytherapy has been reported as a safe and effective method for the local control of malignant pancreatic tumors. [16, 17] In particular, this treatment could significantly relieve the pain. [18] [19] [20] [21] [22] Peretz et al. [20] reported that among 98 PanCa cases, pain relief was observed in 65% of cases within 10 days after 125 I seeds implantation. Sun et al. [21] indicated that among 15 patients with PanCa, the short-term pain relief was observed in 30% of patients after endoscopic ultrasonography (EUS)-guided 125 I seed implantation. Jin et al. [22] reported that the visual analog scale (VAS) pain score significantly dropped from 5.07 to 1.73 one week after treatment, and this score was maintained for one month. However, the molecular mechanism of pain relief caused by 125 I seed irradiation remained unclear.
The proper treatment of neural invasion has not been established. According to the valuable observations in the previous clinical studies, we established the PNI models of PanCa in vivo and in vitro to observe the treatment effect of 125 I seeds and conducted a preliminary study of the PNI-related pain relief caused by continuous low-dose-rate (CLDR) irradiation of 125 I seeds.
Methods

Iodine-125 seeds
Type-6711 sealed 125 I seeds with single-grain apparent radioactivity of 34.3-37.0 MBq (0.93-1.0 mCi) were provided by Jun-An Pharmaceutical Technology (Ningbo, China). A single seed was 0.84 mm in diameter, 4.5 mm long, and had a half-life of 60.2 days and main transmission of 27.4-31.4 Kev X-ray and 35.5 Kev γ-ray. The in vitro cell irradiation using 125 I seeds was performed as described in literature. [23, 24] Briefly, eight 125 I seeds were uniformly distributed over a round plate 3 cm in diameter, and an additional seed was placed in the center. The cell culture dish was placed over the 125 I seed plate with a 5-mm gap filled with water. Halfway through the irradiation, the cell culture dish was turned by 22.5° to make the dose distribution more homogeneous. Dose distribution was calculated using a treatment planning system (TPS, Kelinzhong Institute of Atomic Energy, Beijing, China, No. YZB/1466-70-2004) based on the American Association of Physicists in Medicine Task Group No. 43 (AAPM TG-43) formalism. [25] In vitro model establishment and iodine-125 seed irradiation
The protocol for building this model system has been described previously. [26] The dorsal root ganglions (DRGs) from the cervical, thoracic, and lumbar areas of 4-week-old Sprague-Dawley rats were dissected under sterile conditions. The human PanCa cell lines, CaPan2 and Panc1 (American Type Culture Collection, Manassas, VA, USA), were selected. Engelbreth-Holm-Swarm Matrigel (BD Biosciences, San Jose, CA, USA) was used as an extracellular matrix. The cells and the DRG were immobilized in the Matrigel by warming the culture to 37°C. The CaPan2/DRG and Panc1/DRG were routinely cultured in serum-supplemented medium (RPMI-1640 medium; Sigma, St. Louis, MO, USA) at 37°C, containing 10% heat-inactivated fetal bovine serum (Sigma) in a humidified atmosphere of 95% O 2 and 5% CO 2 . PanCa cells only and DRG only were cultured as controls.
When a symbiotic phenomenon was observed between nerves and PanCa cell lines, the dish was placed 5 mm above the 125 I seed plane for CLDR irradiation (R + ) within the incubator until the accumulation doses around the inner edge of the dish were 2 and 4 Gy. The initial dose rate on average on the cell plane was 6.08 cGy/h, and it decreased slowly with a halftime of 60.2 days. The irradiation time of different experiments varied from 50 h to 62 h for 2 Gy and from 100 h to 120 h for 4 Gy. PanCa cells only and DRG only without 125 I seed irradiation (R − ) were cultured as controls.
In vivo model establishment and iodine-125 seed irradiation
Cell culture The PanCa cell line of CaPan2 was cultured in RPMI 1640 (Sigma) containing 10% heat-inactivated fetal bovine serum, 100 μg/ml ampicillin, and 100 μg/ml streptomycin. All cell cultures were done at 37°C under 5% CO 2 .
Orthotopic model of perineural invasion and irradiation
The experimental procedures in this study were approved by the Animal Use and Care Committee of the Second Military Medical University, China. The method for the orthotopic model of PNI was described previously. [27, 28] The 8-to 12-week-old nonobese diabetes/severe combined immunodeficiency (NOD/SCID) mice (Second Military Medical University Experimental Animal Center) were used in this experiment. The NOD/SCID mice were anesthetized, and the distal pancreases were exteriorized, [27, 28] and 10 6 viable tumor cells in 10 μl of cell suspension were injected into the pancreas using an inoculator with a 27-gauge needle.
The pancreas was relocated into the abdominal cavity, and the peritoneum and skin were sutured. Six weeks after the injection, mice were then randomized into two groups: radiation group and control group (n = 11 in each group); the mice were anesthetized again and one
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I seed was implanted in the tumor, and the absorbed dose at the point of 10 mm distant from the center of the 125 I seed was not <2 Gy. Two weeks after 125 I seed implantation, the mice were sacrificed, and the pancreas and the nearby tissues contained the retroperitoneal nerve were harvested to examine the positive rate and the degree of PNI. The mice with nonradioactive seed implantation were selected as controls.
Image analysis
The DRGs, CaPan2, and Panc1 colonies were photographed at a magnification of ×40 using inverted microscopy (Olympus, Tokyo, Japan). Neurite outgrowth and cell colony growth were quantitated using the Optimas 6.1 image analysis system (Optimas Corp., Bothell, MA, USA). The total number of neurites was obtained by counting the neurites along the entire DRG circumference from different experiment days. The area of PanCa cell colony growth was calculated by measuring the surface area occupied by the colonies. The percentage changes of neurite outgrowth and cell colony growth after radiation were calculated by the difference between the control group and radiation group divided by the value in control group at the corresponding times.
Real-time quantitative reverse transcription-polymerase chain reaction and enzyme-linked immunosorbent assay analysis
Total RNA was extracted from PanCa cells or tissues using Trizol reagent (Invitrogen, Carlsbad, CA, USA). Real-time quantitative reverse transcription-polymerase chain reaction (qRT-PCR) analysis was carried out under the same conditions. The expressions of NGF and epidermal growth factor receptor (EGFR) mRNA in PanCa cells of in vitro and in vivo models were tested, respectively. The sequences of the primer pairs used in this study were as follows: NGF forward 5'-AGCAAGCGGTCATCATCCC-3', NGF reverse 5'-ACCACCGCCACAGACATCA-3'; EGFR forward 5'-CTACGAGCTGCCTGACG-3', EGFR reverse 5'-AGAAGCATTTGCGGTGG-3'; and GAPDH forward 5'-GCACCG TCAAGGCTGAGAAC-3', GAPDH reverse 5'-ATGGTGGTGAAGACGCCAGT-3'. GAPDH served as an internal control in each experiment. PCR products were run on agarose gels and visualized by ethidium bromide staining. The qRT-PCR was performed using the ABI 7500 Sequence Detection System (Applied Biosystems, USA). Each 25 µl reaction mixture contained 2.5 μl target cDNA template, primers (10 μmol/L) used for the amplification of target gene sequences, and SYBR Green real-time PCR master (Toyobo, Japan). The thermal cycling parameters were set for the following conditions: One cycle at 95°C for 1 min, and 40 cycles of 95°C for 15 s, 60°C for 15 s, and 72°C for 45 s. Normalization for the relative quantity of mRNA was accomplished by comparison to glyceraldehyde-3-phosphate dehydrogenase, using a previously reported method. [29] The qRT-PCR was done at least thrice. The concentration of NGF, EGF, and transforming growth factor-α (TGF-α) in media supernatant was examined with enzyme-linked immunosorbent assay using kits (R & D Systems, Inc., Minneapolis, MN, USA), respectively.
Histologic studies and Immunohistochemical staining
Sections were prepared by formalin-fixed, paraffin-embedded. Histologic diagnoses were made according to the World Health Organization criteria or the Japan pancreas society classification. [30] The definition and the degree of PNI were determined as described previously. [27] All the sections were assessed by a single pathologist blinded to the group information.
Immunohistochemical analysis was conducted as described previously. [31] Tissues were obtained from PanCa approximately 5 mm distant from the center of the implanted 125 I seeds. The sections were incubated with rabbit anti-human NGF antibody (1:100, Abcam, USA) at room temperature overnight. Positive protein expression was visualized as nuclear localization of granular brown-yellow precipitate.
The counts were performed in 3 high-power fields of vision under a high magnification (×400) for each section. The percentage of positive cells was calculated as the ratio of positive cells to the total number of cells. The scoring scale for the percentage of positive cells was as follows: 0, <1%; 1, 1%-24%; 2, 25%-50%; 3, 51%-75%; and 4, >75%. The scoring scale for staining intensity was as follows: 0, no color; 1, bright yellow; 2, yellow; 3, brown-yellow; and 4, brown. The final score was obtained by multiplying the percentage of positive cells by the staining intensity score.
Patients and perineural invasion-related pain relief
Written informed consent was obtained from all patients, and the study was approved by the Ethics Committees of 307 Hospital of PLA. Patients were of either gender, with the diagnosis of histologically proven or radiologically consistent, surgically unresectable pancreatic adenocarcinoma. [32] To be included in the study, patients were required to have a Karnofsky Performance score (KPS) of ≥50 and were expected to survive for more than 3 months after diagnosis; they were also required to have adequate bone marrow function (blood leukocytes ≥3.0 × 10 9 cells/L, platelet count ≥100 × 10 9 /L, and hemoglobin ≥100 g/L). Patients with a prothrombin time of 3 s longer than the control were excluded. Patients treated by any previous irradiation or a previous course of chemotherapy were excluded. While receiving implantation treatment, the patients also received other necessary treatments such as chemotherapy or biological therapy. [22] Dose distribution was calculated using a special treatment planning system 1.0 (TPS 1.0; Second Military Medical University, China) based on EUS images. The minimal calculated dose should be not <2 Gy. Pain intensity was measured before and 1 week, 2 weeks, and 1, 3, and 6 months after 125 I seed implantation, and patients were followed up until death. The tumor diameter and general condition of patients were monitored and recorded during follow-up. The short-term efficacy was determined according to the tumor response standards suggested by the World Health Organization.
The pain intensity was assessed for each patient using a VAS from 0 to 10 (0 is no pain and 10 is unbearable pain). [33] To enroll, the pain intensity rating (average in the last 24 h) had to be a VAS pain score of 3/10 or higher, or opioid was required for cancer-related pain control and the VAS pain score of lower than 6/10 if already optimized on opioids. An optimized opioid therapy was considered the maximum analgesia achievable without intolerable opioid-related adverse effects. [34] Pain intensity was measured before 125 I seed implantation and 1 week, 2 weeks, and 1, 3, and 6 months after implantation (the intensity of pain is given as the mean of VAS points per day during the previous week). Consumption of analgesics was documented at the same intervals. Patients were excluded if they had received previous neurolytic celiac plexus block or other neurolytic blocks that could affect pain relief or had implanted epidural or intrathecal analgesic therapy. Patients with psychiatric disease affecting assessments, uncorrectable coagulopathy, or allergy to local anesthetics were excluded from the study.
Statistical analysis
All data were shown as median (range) or mean ± standard deviation (SD). Statistical analysis was performed with SPSS 13.0 software (SPSS Inc., Chicago, IL, USA). Statistical analysis was conducted using the Mann-Whitney U-test for the difference between experimental and control groups. The continuous variables were compared using the t-test (the assumption of normality was verified using the AndersonDarling test). Variables were evaluated for an association with the use of the Pearson's Chi-squared test. A P < 0.05 was considered statistically significant.
results
Pancreatic cancer cell colonies and neurites growth
The co-culture of DRG and PanCa cells could promote the growth of PanCa cells and DRG neurites. In co-culture group, the orientation and reciprocal growth between PanCa cells and the DRG neurites could be observed [ Figure 1 ]. The outgrowth of neurites in co-culture group was significantly greater than that of single DRG group at the corresponding times (P < 0.05) [ Figure 2 ]. The increase of the surface area of PanCa cell colonies in co-culture group was significantly greater than the increase in single-cultured group (P < 0.05) [ Figure 3 ].
Under the CLDR irradiations of the 125 I seeds, the orientation and reciprocal growth still existed. There was no significant difference of the number of neurite between the DRG (R + ) and DRG (R − ) groups (P > 0.05). In the single-cultured groups, the increased surface area in PanCa cells (R − ) group was significantly larger than the area in PanCa cells (R + ) group (P < 0.05). 
In vitro model irradiation and perineural invasion cytokines
As shown in Figure 4 The NGF mRNA expression in Panc1 (R -) and CaPan2 (R − ) groups was significantly greater than those in Panc1 (R + ) and CaPan2 (R + ) groups, respectively (P < 0.05 in Panc1 cells; and P < 0.01 in CaPan2 cells). The expression of NGF mRNA in Panc1/DRG group and CaPan2/DRG group was significantly reduced after CLDR irradiation, respectively (P < 0.01). Moreover, EGFR mRNA expression of CaPan2 cells in single and co-culture groups was significantly reduced after irradiation [P < 0.01; Figure 5 ].
In vivo model irradiation and perineural invasion cytokines
In orthotopic models, the PNI-positive rate in radiation group and control group was 3/11 and 7/11, respectively [ Figures 6 and 7] , and there was no significant difference in PNI-positive rate between the radiation group and control group; however, the degrees of PNI between the radiation group and control group was significant difference (P < 0.05). In radiation group, the degree of PNI was low, and the scores were all 0-1 (3/3). In control group, the high degree (score was 2-3) of PNI was 5/7, and the low degree (score was 0-1) of perineural invasion was only 2/7.
The expression of NGF mRNA and EGFR mRNA in radiation group was significantly reduced compared with the control group (P < 0.01) [ Figure 8 ]. In immunohistochemical detection, the positive scores of NGF in control group were significantly higher than that in the radiation group [171.4 ± 9.2 vs. 99.9 ± 40.0, P < 0.01; Figure 9 ].
Patients and perineural invasion-related pain relief
Between October 2009 and November 2010, a total of 30 PanCa patients were enrolled. There were 17 men and 13 women, with a median age of 69 years (range 54-79 years), and the median KPS score of 83 (range 60-90). Nine patients were in Stage III with locally advanced cancer, and 21 patients were in Stage IV with liver metastasis. In 23/30 patients, the lesions were located in the body/tail part, with mean tumor diameter of 3.5 cm. All patients were generally well tolerated without any complication throughout the study. The mean number of implanted seeds (0.8 mCi) was 18 per patient (range 5-35 per patient). The median survival was 6.8 months. Nineteen patients survived more than 3 months. One and two weeks after 125 I seed implantation (ISI), the mean absorbed dose at the tumor edge was 2.17 Gy and 3.64 Gy, respectively. At 2 months after the first seed implantation, the proportion of complete and partial remission (progressive disease [PD]), stable disease, and partial development among the 9 Stage III patients were 0/9, 4/9, 4/9, and 1/9, respectively.
As shown in Figure 10 , the mean VAS pain score was 8.0 ± 1.2 before the implantation. At week 2, the mean VAS pain score decreased by 50%, and significantly improved than the score at baseline (P < 0.05). At week 2, 2 patients were pain-free, and 10 patients with VAS pain score of 2 points. The VAS pain scores were lower in all patients, and the pain-relieving effect was retained about 3 months. Only 5 patients have returned to their preoperative VAS scores with PD. The decreased analgesic consumption at the corresponding follow-up is shown in Table 1 . After 1 month, only 5 (16.7%) patients were satisfied with opioids, which was significantly <46.7% observed from baseline (P < 0.05).
dIscussIon
PNI was an important pathological feature of PanCa. Tumor cells not only infiltrate peripancreatic nerve plexus but also reach distant metastases through the perineural space. [3, 4, 19, 20] PNI is usually associated with poor prognosis, likely because neoplastic cells hidden in the perineural space cannot be removed during tumor resection, leading to disease relapse. [4] The treatment of PNI had become a key in the PanCa.
The approach of building PNI models, including in vitro and in vivo, had gradually matured. Dai et al. [26] cocultured rat DRGs and PanCa cell lines, successfully established the PNI in vitro model. Koide et al. [27] implanted the celiac plexus tissue of human in NOD/SCID mice subcutaneously. Then, the PanCa cells were injected nearby the survived celiac plexus tissue, and a PNI process model in human was successfully built. They also implanted PanCa cells CaPan2 in NOD/SCID mice subcutaneously and successfully established the mouse nerve PNI model. Eibl et al. [35] introduced a recurrence PanCa model in nude mice. The tumor was removed in 4 weeks, 6 weeks, and 8 weeks after orthotopic transplantation. The recurrence was found in 80% of cases 6 weeks after the In our study, two PanCa cell lines, CaPan-2 cell line with high nerve invasion and Panc-1 cell line with low nerve invasion, were selected. Using the same way with Dai, the co-culture models of PanCa cells and DRGs were successfully established. The in vitro models were evaluated under the intervention of CLDR irradiation of 125 I seeds source. The results showed that, under the radiation exposure of different doses, the promotion of the growth between the PanCa cells and neurites was obviously inhibited.
In animal study, the PNI orthotopic transplantation model in NOD/CID mice were successfully established according to the previous reporting. [27, 36] In orthotopic transplantation models, although there were no significant differences of PNI-positive rate between the two groups, the degree of PNI was significantly reduced in radiation group. The results suggested that 125 I seeds implantation could effectively inhibit the neural invasion of PanCa cells.
NGF as a member of the NGF family is a signaling factor participating in the survival, growth, and differentiation of neuronal cells and cancer cells. [37] EGFR as the cytokine TGF-α receptor involves in the growth signaling to increase the affinity of PDA cells for pancreatic nerves and vice versa. [8] The overexpressions of NGF and EGFR in PanCa cells were markers of poor prognosis. [38] In vivo and in vitro models, the expressions of NGF and EGFR in CaPan-2 cells were obviously inhibited under the exposure of CLDR irradiation. In panc1/DRG co-culture group, the irradiation of 125 I seeds could significantly reduce the expression of NGF. In CaPan2/DRG co-culture model, the levels of NGF and TGF-α in supernatant after irradiation were significantly increased. However, this difference was not detected in panc-1/DRG co-culture model. These results concluded that CLDR irradiation could inhibit the NGF and TGF-α in panc1/DRG co-culture system. The PNI models of different PanCa cell lines were exposed under the same irradiation condition, which might lead to the different changes in local microenvironment. Further study is necessary to demonstrate that CLDR irradiation could alleviate PNI-related pain by targeting the NGF and TGF-α signaling pathway.
Abdominal and/or back pain was a common symptom of PanCa. The present findings showed that the incidence of PanCa pain was related to its neurotropic characteristics. The traditional high-dose-rate (HDR) radiation therapy could kill tumor cells, reduce tumor volume, and thus relieve pain symptoms. [39] However, in the preclinical practice of EUS-guided 125 I seeds implantation, the radiation therapy was CLDR irradiation with different biologic effects compared with traditional HDR. Wang et al. found that a CLDR irradiation of 125 I seeds was more effective in inducing cell apoptosis of Panc-1 cells than an acute HDR 60 Co irradiation. Interestingly, CLDR irradiation by 125 I seeds can cause Panc-1 cell-cycle arrest in the G2/M phase and induce apoptosis. [40] Otherwise, in our preclinical practice, the method of EUS-guided radioactive seed implantation was not matured and the therapy dose at the tumor edge varied widely. [22] In some patients, the therapy dose was obviously lower than the recommended dose. Therefore, the median survival time was only 9 months with a partial remission rate of 13.6%, which was far below the rate of pain relief. The high rate of pain relief could not be explained by the traditional theory of radiation-related pain relief.
Celiac plexus neurolysis (CPN) and celiac plexus block (CPB) have been considered the first-line adjuvant therapies for the treatment of pain in PanCa patients. [41] Gunaratnam et al. reported that EUS-guided CPN reduced pain in 78% of PanCa patients. [42] However, CPN could only relieve the pain to a limited degree, and lasted a short period, and the analgesic effect was inversely correlated to the extent of invasion of celiac ganglia. [43] [44] [45] In conventional methods of CPN or CPB, pain scores were significantly reduced within 7 days, then entered a relatively stable plateau. However, after the implantation of radioactive seeds in advanced PanCa, the pain scores gradually decreased and the change was most obvious on 0.5 or 1 month. The long-term effect of pain relief was significantly better than the response of short term. [21, 22] Therefore, according to the previous experimental results, we speculated that the inhibition on PNI by CDLR irradiation after radioactive seed implantation might be a major mechanism of pain relief in advanced PanCa and was defined as the PNI-related pain relief.
Knowledge of patterns of the development and extension of neural invasion might improve the treatment of PanCa. The pain relief in advanced PanCa related to a variety of factors, and PNI was only one aspect of them. In this study, we confirmed that the CLDR irradiation of 125 I seeds could inhibit PNI of PanCa cells with the value of the further study.
In summary, our study proves that the CLDR irradiation could inhibit the PanCa cell growth. The CLDR irradiation could reduce the expression of NGF mRNA in PanCa cell by in vitro and in vivo. However, the further study is necessary to discuss the related signaling pathway. The CLDR irradiation could do a great favor in alleviating PNI-related pain. 
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